Homeoprotein (HP) transcription factors were originally identified for their embryonic cell-autonomous developmental functions. In this review, we discuss their postnatal and adult physiological functions based on the study of Otx2, Engrailed-1 and Engrailed-2 (collectively Engrailed). For Engrailed, we discuss its function in the cell-autonomous regulation of ventral midbrain dopaminergic neuron survival and physiology and in the non-cell-autonomous maintenance of axons. For Otx2, we describe how the protein is expressed in the choroid plexus and transported into cortical parvalbumin cells where it regulates plasticity in the visual cortex. These two examples illustrate how the understanding of HP postnatal and adult functions, including signalling functions, may lead to the identification of disease-associated genetic pathways and to the development of original therapeutic strategies.
Introduction
Homeoprotein (HP) transcription factors are the products of a family of developmental genes with multiple functions, including the definition of body axis, lineage decision and cell/growth cone migration and guidance [1] [2] [3] . They are characterized by their highly conserved 60 amino acid-long DNA-binding domain, the homeodomain (HD). In addition to mediating DNA binding, the HD encompasses two short sequences allowing HP secretion and internalization to impart non-cell-autonomous functions [4] . Such functions have been studied in vivo for Engrailed-1 (En1) and Engrailed-2 (En2), collectively Engrailed or En1/2, for Otx2 and for Pax6 [5] . However, based on sequence alignments, it is likely that non-cell-autonomous functions are a property of many HPs, and a dozen HPs have been verified in vitro.
It is important to consider that HP function can extend beyond transcription regulation. For example, HPs can interact with mRNA and regulate translation [6] . HPs typically have numerous binding domains and regulatory motifs outside the HD that allow interaction with not only other transcription factors but also translation factors, such as eIF4E [7] , and many other molecules that are part of signalling pathways, such as kinases [8] or even complex sugars [9] . A recent review on Hox proteins attests to the reach of HP regulation, as they are implicated in DNA transcription, repair, initiation and replication, mRNA translation and signal transduction [10] . As HPs transfer into cells through non-conventional mechanisms thereby gaining direct access to the cytoplasm and nucleus [4] , the non-cellautonomous activity of HPs are likely to impact directly many aspects of cell function, just as cell-autonomous expression does. In the context of development, HPs are found throughout plant and animal kingdoms and we have proposed that HPs are evolutionarily early morphogens that by definition can signal noncell-autonomously and provide positional information [11] . Given that HPs can have such diverse targets, both cell autonomous and non-cell autonomous, the study of HP activity must clearly encompass many aspects of cell biology.
Before describing the present knowledge on the postnatal and adult functions of HPs, it is useful to recall what is known concerning their non-cell-autonomous embryonic functions (leaving aside the huge body of literature on their developmental cell-autonomous activity). A very early function is the definition of the extent of the eye anlagen by Pax6 intercellular transfer. Blocking the passage of Pax6 in vivo by local expression of a single-chain antibody (aPax6-scfv) or by & 2014 The Author(s) Published by the Royal Society. All rights reserved.
injection of a monoclonal anti-Pax6 antibody at the midblastula stage prevents the extension of the eye anlagen in the zebrafish and leads to defects in eye development [12] . Another recently discovered non-cell-autonomous embryonic function of Pax6 is to enhance oligodendrocyte precursor cell migration in the chick neural tube [13] .
An embryonic non-cell-autonomous function of En1/2 is to guide retinal ganglion cell (RGC) axons along the anterior-posterior (A -P) axis of the optic tectum in the chick and frog. En1/2 shows graded expression along the A-P axis and the in vivo expression of a single-chain antibody (aEn1/2-scfv) results in the invasion of the posterior tectum by temporal growth cones [14] . The effect of En1/2 on axon guidance in vitro is to attract and repel nasal and temporal growth cones, respectively [15] . This activity is entirely due to the local regulation of mRNA translation through an interaction with the mTOR pathway [15] . Interestingly, this guidance effect of En1/2 also requires Ephrin/Eph and Adenosine signalling [16] . This cooperation between Engrailed signalling and classical signalling pathways was also demonstrated in the fly wing disc where Engrailed interacts with Decapentaplegic (DPP) to induce the formation of the anterior cross vein [17] . An important aspect of En1/2 guidance activity is that many of the translated mRNAs encode mitochondrial proteins, including Ndufs1 and Ndufs3, two key subunits of Complex I of the electron chain transfer [18] . Consequently, En1/2 internalization results in rapid bursts of ATP synthesis and secretion [16] .
The third HP for which non-cell-autonomous functions have been identified is Otx2 [5] . The role of Otx2 transfer in the regulation of cerebral cortex plasticity will be developed in the main core of this review which from now on will be focused on postnatal and adult cell-autonomous and non-cell-autonomous activities of En1/2 and Otx2.
Engrailed1/2 influences mitochondrial function
As already mentioned, HPs are not only expressed during development but also in the adult. En1/2 is expressed in the adult tectum/superior colliculus and in the dopaminergic nuclei of the ventral midbrain [19, 20] , while En2 is additionally expressed by granule cells in the cerebellum [2, 21] . Functions have been studied for En1 in the visual system (frog tectum) and for En1/2 in the ventral midbrain. Holt and co-workers [22] , in a search for mRNAs present in the retinal growth cones and translated locally in response to guidance cues, observed that En1 is the most active morphogen when it comes to regulating translation and subsequently used En1 to identify newly synthesized proteins. In a series of elegant experiments, they showed that laminB2, normally a nuclear type V intermediate filament, is locally translated following En1 internalization in retinal axons. Very interestingly, they showed that laminB2 is necessary to maintain normal mitochondrial morphology and membrane potential in the mature free-swimming tadpole. Moreover, knock-out experiments led to axon destabilization in the tadpole, a phenotype that was rescued in laminB2 gainof-function experiments. The activity of laminB2 is local and not nuclear as it persisted when the nuclear localization sequence was deleted from laminB2. Although the latter data do not formally show it, it is tempting to speculate that the retrograde transsynaptic transfer of En1 regulates synapse viability.
The ability to regulate mitochondrial activity is very important as many neurological and psychiatric diseases have a strong metabolic facet. In this context, adult En1/2 expression in the ventral midbrain dopaminergic (mDA) nuclei, the Substantia Nigra pars compacta (SNpc) and ventral tegmental area (VTA), which also expresses Otx2, is of great interest. In 2007, it was shown that the loss of one En1 allele (En12/þ mouse) leads to the progressive death of mDA neurons [11] . The neurons start dying at six weeks after birth and death continues progressively until, after 1 year, 40% and 20% mDA neurons are lost in the SNpc and VTA, respectively. Recombinant En1 and En2 are internalized by live cells allowing functional access to cytoplasm and nucleus. When infused in the midbrain of En12/þ mice, they provoke a complete arrest of cell death [11] . Thus, En1/2 can be considered a therapeutic protein and this experiment importantly suggests that non-cell-autonomous and cell-autonomous properties of HPs can be shared as the exogenously added protein can substitute for the endogenous one.
En1 is expressed by mDA neurons and its activity is thus considered primarily cell autonomous. However, it was important to test the protective capacity of exogenous En1/2 in bona fide mouse models of Parkinson's disease (PD). In three distinct models (6-OHDA, MPTP and A30P a-synuclein mutant), infused En1 protects mDA neurons from cell death [18] . En1 protein infusion also increases the amount of dopamine (DA) per neuron (DA was measured in the striatum) while all effects, including amphetamine-induced rotational behaviour of unilaterally infused mice, were abolished by the specific inhibition of Ndufs1 mRNA translation (using an appropriate siRNA), thus implicating mitochondrial metabolic pathways [18] . Very curiously, the effect of En1 lasted over three months (J Fuchs 2010, unpublished results) suggesting an epigenetic effect of the protein. Taken together, the rescue, the DA content upregulation and the long-lasting effect suggest that En1/2 might be worth considering as a disease-modifying agent in PD. A scheme illustrating the effects of En1/2 on neuron physiology is proposed in figure 1 . Figure 1 . Effect of En1/2 on neuron physiology and mDA neuron pathophysiology. In the nucleus, En1/2 acts as transcription factor due to its DNA-binding HD. Preliminary experiments suggest that En1/2 might also induce epigenetic modifications (as indicated by the observation of long-lasting behavioural effects after a short-time infusion of the protein). In the cytoplasm, En1/2 stimulates the translation of nuclear-encoded subunits of complex I of the mitochondrial respiratory chain leading to two effects: (i) the guidance of RGC axons in the optic tectum during development and (ii) the increased survival of adult mDA neurons after a challenge with PD modelling agents (6-OHDA, MPTP and a-synuclein-A30P). During development and in the adult, En1/2 also induces the translation of laminB2 in RGC axons, which is essential for normal mitochondrial physiology, axon maintenance and potentially synapse integrity. AA/ -mice do not survive to adulthood). In the adult, all of these mutants present morphological and functional abnormalities in the eye, including impaired vision. However, the more severe the mutation (i.e. lower total Otx2 activity), the sooner the defect appeared in the adult. This study demonstrated the importance of gene dosage in the development of age-dependent pathologies. Still in the context of Otx2 and eye pathology, a mouse model of glaucoma was developed based on the injection of N-methyl-D-aspartate in the eyecup leading to RGC death. The injection of low amounts of Otx2 (between 3 and 30 ng of the protein) is sufficient to prevent RGC death and to maintain normal visual acuity in the optomoter test [24] . A single injection induces long-lasting Otx2 effects and parallels the long-lasting behavioural effect of En1/2 after internalization into mDA neurons suggesting that these two HPs can be considered as therapeutic proteins, at least in mouse models of two human diseases.
Non-cell-autonomous Otx2 regulates visual cortex plasticity
In the course of postnatal development, the cortex goes through critical periods (CPs) of plasticity that allow environmental influence during a vulnerable time window. There are several CPs for different senses that differ in time and duration (opening and closure times). Since the pioneering studies by Wiesel & Hubel [25] , the window of plasticity for the binocular V1 cortical area has provided a paradigm that still dominates the scientific literature. Before CP onset at postnatal day 20 (P20) or after its closure at P40 (in the mouse), blinding an eye temporarily does not decrease its visual acuity, thus binocular vision is maintained. In contrast, the same short and reversible blinding during the CP has irreversible consequences leading to a unilateral loss of visual acuity and to amblyopia [26] . CP onset corresponds to the maturation of parvalbumin (PV)-expressing fast spiking GABAergic interneurons (PV cells) present in layers 3 and 4 of the visual cortex. Among several markers of PV cell maturation is the assembly of the sugar-rich perineuronal nets (PNNs) that surround mature PV cells and can be specifically decorated by certain lectins [27, 28] . In a collaborative study with the group of Takao Hensch, it was observed that Otx2 content increases in PV cells in parallel with their maturation [29] . Interestingly, this content does not result from local Otx2 expression but from its import from external sources, such as the choroid plexus or, possibly, the retina [29, 30] .
Eye opening is rapidly followed by an initial assembly of the PNNs on PV cells through a mechanism not yet elucidated but certainly involving neural activity and possibly a passage of Otx2 from eye to brain [29] . The glycosaminoglycans (GAGs) present in the PNNs serve as binding sites for Otx2 as demonstrated by genetic studies [31] and by the identification of a short Otx2 sequence (RKQRRERTTF-TRAQL) that specifically recognizes the GAGs expressed by PV cells [9] . Otx2 accumulation in PV cells permits the opening (first concentration threshold) and closing (second threshold) of a CP for binocular vision. This scheme (a temporal version of the French Flag Problem [32] ) has the consequence that Otx2 import is necessary throughout adulthood to maintain the CP for binocular vision in a closed state (figure 2a). In a search for sources of adult Otx2, the choroid plexus, a site of high Otx2 expression at all developmental stages and throughout adulthood, was identified and found to release Otx2 into the ventricles of the adult brain [30] . Indeed, recombining Otx2 in the adult choroid plexus reduces Otx2 content in PV cells [30] .
Recombining Otx2 in the adult choroid plexus or competing with its import by PV cells through the infusion of the RK-peptide (RKQRRERTTFTRAQL) could reopen plasticity in the adult (figure 2). Indeed, closing an eye following either protocol can install amblyopia in the adult mouse and, more interestingly, the same protocols restore visual acuity and binocular vision in amblyopic mice [9, 30] . Interestingly, reactivation of plasticity was also obtained by hydrolysing the complex sugars present in PNNs [33] . This result, added to the finding that the ratio between 4-sulfation/6-sulfation in PNN proteoglycans modifies Otx2 accumulation by PV cells [31] , confirms that an important function of PNNs is to regulate Otx2 internalization and to control cerebral cortex plasticity during development and in the adult (figure 2). Because Otx2 is imported in supragranular layer PV cells throughout the cerebral cortex, it is possible that its role in regulating plasticity extends beyond the visual cortex [30] .
Perspectives
The interest in adult HP functions, cell autonomous or noncell autonomous, is indeed very recent and much research remains to be accomplished. Concerning downstream HP targets, it is clear that adult targets can differ, in part, from embryonic ones and that cell-autonomous and non-cellautonomous targets are not necessary identical. In addition, further studies will be necessary to distinguish between different types of targets: transcriptional (direct and indirect), translational (as in the case of Ndufs1/3 and laminB2) and epigenetic (suggested by long-lasting effects of a timerestricted application of En1/2 or Otx2). It is of high interest that identified translational targets have a connection with mitochondrial physiopathology and the regulation of neuronal metabolism with consequences on neuronal physiology and survival. It is of note that an eIF4E-binding domain is necessary for En1/2 to regulate translation and that such domains have been conserved in more than 200 HPs [7] . What was found in the case of mouse models of PD (a regulation of mitochondrial function through En1/2-dependent translation of complex I subunits) might thus be a more general property of HPs and not only of Engrailed and the midbrain.
Identifying HP genetic targets has been on the agenda of many laboratories and we shall not discuss this issue here, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130518 only to recall again that targets may change through development and may depend on whether or not the protein function is cell autonomous. This is quite obvious as the cellular context provides cofactors that differ with age and cellular identity and as the epigenetic state of the cell can modify HP access to the chromatin. In addition, transferring proteins might be modified or carry some cofactors, including lipids or non-coding RNAs, that will influence gene expression. A more general possibility is that HPs may modify the epigenetic status of cells as suggested by their long-lasting effects, at least in the cases that were discussed in this brief review. If so, it can be envisaged that the progressive death of DA cells observed in the SN of En1þ/2 mice involves, in addition to mitochondrial failure, some changes in chromatin structure. The fact that En1/2 regulates the translation of laminB2, a nuclear scaffolding protein, suggests that a regulation by Engrailed at the level of the global structure of the nucleus can be foreseen even though laminB2 activity in the stability of tadpole RGC axons is reported at the mitochondrial level [22] .
If we now concentrate on purely non-cell-autonomous activities, several questions-some general and some more specific to Otx2 in the cortex-can be raised. A very general issue is the identification of the transfer mechanisms. Sequences have been identified in the HD that are necessary for internalization and secretion. In fact the first identified internalization sequence corresponds to the third helix of the HD of Antennapedia (a fly HP) and is highly conserved among all HPs. It is sufficient for internalization and is now used as a vector peptide [4] . The mechanism for its internalization is not fully understood but involves a disturbance of the membrane that follows the insertion of a tryptophan (in position 48 of the HD) into the lipid bilayer [4] . A secretion sequence is also present in the HD though the precise mechanism of secretion is still under study by several groups [34] . Again this sequence is highly conserved suggesting that most HPs can transfer between cells; presently, the ability of 12 HPs to transfer has been confirmed either in vivo and/or in vitro. It is of note that linking the internalization and secretion sequences allows the resulting chimeric peptide to enter the basolateral membrane of a tight-junction epithelium and to gain access to the apical extracellular side, demonstrating that the two sequences are necessary and sufficient for internalization and secretion and suggesting a polarized traffic mechanism [35] .
A second general issue concerns co-signalling and synergy between HPs and classical factors. It was shown that En1/2 cooperates with EphrinA5 in the optic tectum and with DPP in the fly wing disc [14, 16, 17] . A similar synergy was found between Pax6 and Netrin signalling in the ventral neural tube [13] . The essence of this synergy, illustrated in figure 3 , is based on the hypothesis that HPs sensitize the classical receptors to otherwise inefficient concentrations of their agonists. This suggests that HP signalling only works at physiological concentrations of the other signalling factors. For example, an excess of EphrinA5 induces temporal growth cone collapse in the absence of Engrailed, but at sub-threshold (probably physiological) EphrinA5 concentrations, the addition of nanomolar amounts of En1 is necessary to observe collapse [14] . From an evolutionary point of view, as HP signalling is shared between plants and animals [4] , it is possible that HP signalling represents a very primitive mechanism already active in the first multicellular organisms and that the other pathways were recruited during evolution and have added robustness to HP signalling. A final issue is the specific recognition of PV cells by Otx2 and more generally of HPs by target cells. As explained above, Otx2 infused in the visual cortex or secreted by the choroid plexus finds its way to PV cells. This recognition is mediated by a unique sequence motif in Otx2 for specific binding to GAGs present in the extracellular matrix [9] . Similarly to a variant of Otx2 mutated in the recognition domain, Engrailed infused in the same conditions did not specifically accumulate in PV cells [9] . These findings raise the hypothesis of a sugar code for HP recognition by various cell types. Going forward, it will be of interest to purify and sequence endogenous GAG chains that bind distinct HPs. Because all PV cells are enwrapped by PNNs, it is conceivable that Otx2 secreted by choroid plexus is captured by PV cells throughout the cerebral cortex. This places this factor in a good position to coordinate the activity of different cortical areas and potentially play a global role in cognition.
All in all, the study of HP activity in the adult is coming of age with the unexpected twist of adult non-cell-autonomous functions. This novel physiological pathway is under study by several groups and both non-cell-autonomous and cellautonomous functions will certainly further contribute to the understanding of brain development, physiology and pathologies. It has not escaped our attention that HPs are also expressed outside of the brain. Given general HP adult expression and the conservation of the transfer sequences, we are convinced that the work summarized here represents only the tip of the iceberg.
